ABSTRACT Bacterial infections were investigated in midguts of insectary and Þeld-collected Anopheles albimanus Weidemann from southern Mexico. Serratia marcescens, Enterobacter cloacae and Enterobacter amnigenus 2, Enterobacter sp., and Serratia sp. were isolated in Þeld samples obtained in 1998, but only Enterobacter sp. was recovered in Þeld samples of 1997 and no bacteria were isolated from insectary specimens. These bacteria were offered along with Plasmodium vivax infected blood to aseptic insectary An. albimanus, and the number of infected mosquitoes as well as the oocyst densities assessed after 7d. Plasmodium vivax infections in mosquitoes co-infected with En. amnigenus 2, En. cloacae, and S. marcensces were 53, 17, and 210 times, respectively, lower than in control mosquitoes, and the mean oocyst density in mosquitoes co-infected with En. cloacae was 2.5 times lower than in controls. Mortality was 13 times higher in S. marcensces-infected mosquitoes compared with controls. The overall midgut bacterial infection in mosquito Þeld populations may inßuence P. vivax transmission, and could contribute to explain the annual variations in malaria incidence observed in the area.
BACTERIA ARE COMMON DUELERS of midguts of Þeld collected and insectary anopheline colonies (Jadin 1967 , Seitz et al. 1987 . Although some bacteria have no effect on mosquito survival e.g., Enterobacter, others can be pathogenic and produce high mosquito mortality (e.g., some species of Serratia and Klebsiella) (Jadin 1967 , Seitz et al. 1987 , Pumpuni et al. 1993 . The coexistence of bacteria and Plasmodium parasites in mosquito midguts may result in the arrest of the parasite development (Seitz et al. 1987; Pumpuni et al. 1993 Pumpuni et al. , 1996 , and a reduction of the mosquito capability for malaria transmission. In this report, we investigated the presence of bacteria in midguts of Þeld-collected Anophles albimanus Weidemann in southern Mexico, and their effect on P. vivax oocyst development.
Materials and Methods
Mosquitoes. Ten and 20 An. albimanus female mosquitoes were collected using light traps during the dry season of 1997 and 1998, respectively, in the village Nueva Independencia situated on the coastal plains (14Њ37Ј30ЉN, 92Њ16Ј14ЉW) of southern Chiapas, Mexico.
Bacteria Isolation and Identification from Mosquito Midguts. To increase bacteria abundance , Þeld collected An. albimanus and 10 specimens from the white-striped colony of An. albimanus, very susceptible to P. vivax (Chan et al. 1994 , Gonzalez-Ceron et al. 2000 were fed with rabbit blood using artiÞcial feeders. Mosquitoes were sacriÞced 24 h after feeding, immersed in 70% ethanol for 5 min, and rinsed with phosphate-buffered saline (PBS) pH 7.0. Midguts were dissected under aseptic conditions and individually homogenized in 20 l of sterile 0.8% NaCl . One l of each midgut homogenate was seeded in trypticase soy agar added with 5% goat blood, eosin-,ethylene blue agar, and Salmonella-Shigella agar. Cultures were incubated at 37ЊC for 24 h, and then inspected for the presence of bacterial colonies. Colonies were puriÞed by culture passage and identiÞed to species using standard biochemistry analysis: lysine iron agar to investigate sulfuric acid production and descarboxilase lysine activity; triple sugar iron agar to investigate lactose, sucrose, glucose, and iron fermentation; arginine in Moeller decarboxylase broth base to test for arginine dihydrolase activity; urea broth for urea hydrolysis; SimmonÕs citrate agar to test the use of citrate as a carbon source; and motility, indol, ornithine medium to investigate ornithine decarboxylase activity, indol production, and motility. The bacteriaÕs genera and probable species were obtained by com-paring the results with information in the BergeyЈs Manual (Krieg and Holt 1984; Koneman et al. 1985) . The Þnal bacterial identiÞcation was carried out using a MicroScan (Dade Bearing, Palo Alto, CA), an automatized equipment in which dried gram-negative MIC/Combo Panels and dried gram-negative breakpoint Combo Panels are used to determine the species of aerobic and facultative anaerobic gram-negative bacteria.
Parasites. Plasmodium vivax-infected blood was obtained from patients, who attended to the Center for Malaria Research for diagnosis. After informed consent, they were asked to donate 5 ml of blood. Blood was obtained in heparinized syringes and after centrifugation in a clinical centrifuge, cells were suspended in a pool of sera of the same ABO type from subjects without previous malaria experience and with no anti-malaria antibodies (Gonzalez-Ceron et al. 1998) .
Effect of Gram-negative Bacteria on P. vivax Development in An. albimanus. Insectary An. albimanus females of 4 Ð5 d postemergency, were fed with an aseptic solution containing: 0.75% streptomycin, 0.75% penicillin, and 0.1% sucrose for 48 Ð72 h before a P. vivax-infected blood, and maintained with sterile water in soaked cotton pads. Groups of 50 Ð100 female mosquitoes were offered a P. vivax-infected bloodmeal as follows: group 1, 1 ml of infected blood added with 100 l of PBS without bacteria; groups 2, 3, and 4, 1 ml of P. vivax-infected blood with 3 ϫ 10 8 ufc/100 l of Serratia marcescens, Enterobacter cloacae, and Enterobacter amnigenus 2, respectively, in 100 l of PBS. Aseptic mosquitoes were allowed to feed during 1 h, and unfed specimens were discarded. Blood engorged mosquitoes were maintained with a 10% sugar solution impregnated in cotton pads under insectary conditions at 24 Ð27ЊC, photoperiod of 12:12 L:D, and humidity of 60 Ð 80%. After 7 d postfeeding, the mosquito mortality was recorded, and the surviving mosquitoes (control and bacteria treated) were dissected and their midguts recovered in a drop of mercurochrome (Eyles 1950) . The number of mosquitoes with oocysts and the total oocyst per midgut were counted using a light microscope.
Statistical Analysis. The proportion of infected mosquitoes and the mean oocyst densities were compared between the control group and bacteria-treated groups. Results were adjusted with generalized linear models, which use maximum likelihood estimation methods (McCullag and Nelder 1989) to estimate regression coefÞcients and their standard errors. With this methodology, a logistic model was Þtted to the data for the analysis of proportion of infection and a negative binomial model for the analysis of oocyst densities. CoefÞcients resulting of these models were then used to estimate differences in the mean number of parasites per mosquito and the proportion of infected mosquitoes per bacterial infection, according to the response variable (number of parasites or proportion infected). Odds ratio (OR) and rate ratios (RR, deÞned as the oocyst density ratios of bacteria treated mosquitoes to control mosquitoes), with their 95% conÞdence intervals were estimated to compare the proportion of infected mosquitoes and oocyst densities per treatment, respectively. Both model types were adjusted using the bacteria species as a polytomous dependent variable including a category for controls. A logistic model was also Þtted to estimate differences in mosquito mortality because of different bacteria infections. Odds ratio and conÞdence intervals were also estimated for this data. All tests to compare differences were carried out at a 95% significance level. All statistical analyses were carried out using Stata statistical package (Stata Corporation, 1999) .
Results
Bacteria recovered from midguts of field-collected An. albimanus. Enterobacter sp. was isolated from all (n ϭ 10) specimens collected in 1997. Of the 20 mosquitoes collected in 1998, no bacteria were isolated from nine of them, but Serratia sp., Enterobacter sp., En. Clacae, S. marcencens, and En. Amnigenus were isolated from 2, 5, 2, 1, and 1 specimens, respectively. In 19 midguts, colonies corresponded to only one bacteria species, and one bacteria colony type comprised Ͼ90% of all colonies in the other midgut. Only one bacteria species (the most abundant colony) was isolated and identiÞed per mosquito. No gram-positive bacteria were detected in blood-TSA medium cultures. No bacteria were detected in the 10 insectary An. albimanus mosquitoes analyzed, or in insectary mosquitoes treated with the antiseptic solution.
Effect of Bacteria on P. vivax Development in An. albimanus. Three of six experiments produced oocyst in control mosquitoes. The simultaneous analysis of the three infections showed that a proportion of 0.71 of mosquitoes with no bacteria added (control group) (n ϭ 80) were infected, having an oocyst density of 11.3 Ϯ 14.8, whereas the proportions of mosquitoes infected were 0.01 (n ϭ 86), 0.12 (n ϭ 180) 0.04 (n ϭ 90) in mosquitoes co-infected with S. marcences, En. Cloacae, and En. amnigenus 2, respectively. Only one out of 86 mosquitoes co-infected with S. marcences was infected with P. vivax, having nine oocysts. Oocyst means of 4.4 Ϯ 4.9 and 4 Ϯ 2.7 were observed in mosquitoes co-infected with En. cloacae and En. amnigenus 2, respectively. Enterobacter cloacae and En. amnigenus 2 produced similar mosquito mortality to those in the control group, but S. marcenscens produced high mortality (40%).
Results from the logistic model indicated that the proportion of mosquitoes infected with P. vivax among mosquitoes co-infected with En. amnigenus 2, En. cloacae, and S. marcensces were 53 (P Ͻ 0.001, OR 0.019, IC 0.006, 0.057), 17 (P Ͻ 0.001 OR 0.056 CI 0.029, 0.108), and 210 (P Ͻ 0.001, OR 0.004 CI 0.0006, 0.036) times, respectively, which was lower than among control mosquitoes. The mean oocyst density in mosquitoes co-infected with En. cloacae was 2.5 times lower than in controls (mean oocyst density ϭ 0.39, P Ͻ 0.001, CI 0.23, 0.65). There were no signiÞcant differences between mean oocyst densities in control mos-quitoes and those in mosquitoes co-infected with En. amnigenus two and S. marcences.
Mortality was Ͼ13 times higher in mosquitoes coinfected with S. marcenses compared with control mosquitoes (P Ͻ 0.001, CI 4.68, 38.85) . No signiÞcant differences in mortality occurred between mosquitoes co-infected with the other bacteria and the controls.
Discussion
In nature, mosquito larvae feed on bacteria, some of these are destroyed and digested, but others subsist and form part of the midgut microbiota , Straif et al. 1998 ). Bacteria-infecting mosquito midguts have been isolated from several anopheline species from insectary colonies and from Þeld-collected specimens (Jadin et al. 1966 , Jadin 1967 , Straif et al. 1998 . In these, it is possible that more than one bacteria species coexist within the same midgut , Dillon et al. 1996 .
In our studies, no bacteria was isolated from our An. albimanus colony, and apparently only 60% of Þeld-caught mosquitoes were infected with only one bacteria species of the genus Enterobacter or Serratia. It is possible that treatment of mosquitoes with an antiseptic solution destroyed other less resistant bacteria, and that the rapid growth of Enterobacter and Serratia facilitated their isolation. These two bacteria are widely spread in nature, and S. marcenscens has been isolated from midguts of An. stephensi Liston (Jadin 1967 , Seitz et al. 1987 , Pumpuni et al. 1993 and Aedes triseriatus Say . Enterobacter cloacae has been isolated from Ae. triseriatus Say and Psorophora columbiae Dyar and Knab (Demaio et al. 1996) , An. stephensi Liston , and Phlebotomus papatasi Scopoli (Dillon et al. 1996) , although En. amnigenus has not been previously reported to colonize mosquito midguts.
The deleterious effect of midgut bacteria in the sporogonic development of Plasmodia has been previously documented in An. stephensi co-infected with P. berghei and S. marcenscens (Seitz et al. 1987) and Klebsiella (Jadin 1967) , or in co-infections with P. falciparum and S. marcenses, Xanthomonas maltophila, Pseudomonas aeruginosa, or Cedecea lapagei (Pumpuni, et al. 1993 . The inhibitory capacity varies among bacterial species and strains, and high concentration of bacteria seems to be necessary to evidence the effect. Thus, Klebsiella but not Pseudomonas sp. were able to block P. berghei development (Jadin 1967 ), but Pseudomonas aeruginosa was able to reduce P. falciparum development in An. stephensi. Escherichia coli H243 affected P. falciparum development, but E. coli HB101 had no inhibitory effect (Pumpuni et al. 1993) . Although S. marcensces affected P. falciparum oocyst development in An. stephensi, only a reduction on oocyst densities was observed (Pumpuni, et al. 1993 . In the current study, we observed that S. marcenscens, En. cloacae, and En. amnigenus 2 can affect P. vivax sporogonic development in An. Albimanus, but only incomplete inhibitions were associated with En. cloacae and En. amnigenus 2, whereas S. marcensces completely inhibited the P. vivax oocyst development. However, parasite development inhibition occurred only at high bacteria concentrations, and at these concentrations high mosquito mortality also occurred.
These observations suggest that, at least in part, inhibition may depend on the speed of bacteria multiplication in the bloodmeal. Pumpuni et al. (1993) reported that although no oocyst development occurred, successful exßagellation and banana shape parasites were present in the bloodmeal in the presence of bacteria. This is in accordance with the need of high bacterial abundance (provided by multiplication after blood nutrients are provided to the midgut microbiota) for parasite inhibition to occur. However, the inhibitory mechanism awaits clariÞcation. A hindrance in the migration of parasites through the peritrophic membrane or their adhesion to the midgut epithelium have been suggested (Pumpuni et al. 1993 ), but not yet documented. However, although neither intact or formalin-treated bacteria, bacterial extracts, nor lipopolysaccharides added in the blood meal had any effect on P. falciparum oocyst development (Pumpuni et al. 1993) , the effect of the activation of mosquito immune peptides by bacteria within a bloodmeal has not been explored (Dimopoulos et al. 1997 ).
The differences in midgut infections of mosquitoes collected in different seasons may be a result of the small sampling. However, the overall midgut bacterial infection in mosquito populations may inßuence P. vivax transmission, and variation in the prevalence of these infections could contribute to explain the annual variations in malaria incidence observed in the area.
